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Abstract – This paper presents a new control strategy
that allows the photovoltaic system operation under grid
faults without overcurrent and assuring grid sinusoidal
currents. The current limiter is made indirectly by using
an active power limiter that is calculated dynamically
based on the grid positive-sequence voltage. The paper
also shows that the classic control strategies used in the
PV systems cause harmonic current injections on the
electrical grid and dangerous overcurrents when voltage
sags occur. The strategy presented here overcomes these
drawbacks and allows the inverter operation under any
unbalanced condition. The control is made on stationary
reference frame using Proportional-Resonant current
control. This new control strategy is compared to the
classic strategy through simulations in PSCAD/EMTDC
and the experimental results prove its effectiveness.
Keywords – Distributed generation, Fault current
limiters, Photovoltaic systems.
I. INTRODUCTION
Nowadays the overall power system is changing, with
many Distributed Generation (DG) units, such as wind
turbines, Photovoltaic (PV) modules and fuel cells, being
developed and installed. In several countries the PV systems
power supplied to the electrical grid is having more visibility
due to many governmental incentives. The PV system is
particularly attractive as a renewable source for DG units due
to its relative small size, noiseless operation, simple
installation and the possibility to put it close to the user. The
development of grid-connected systems is demanding a
better evaluation of the performance of the available PV
systems under fault conditions, as well as the quality of the
energy generated by them. For this reason, the grid
connection of power converters in DG systems, should be
carefully designed and controlled in order to achieve an
optimal operation of the generation plants under generic
circumstances [1].
There are many power converter topologies for PV
systems such as two-stages [2][3] or single-stage [3][4], and
with transformer or transformerless [5]. However all these
topologies require an inverter to connect them to the grid and
several requirements must be met to perform this connection.
One of these requirements is about the voltage protection.
The Germany standard DIN/VDE 0126 [6], for example,
says that overvoltage higher than 15% and undervoltage
lower than 20% must lead to the disconnection from the grid
within 200 ms. On the other hand, disconnection of DG units
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from the system “at first sign of trouble” might not be the
optimal approach. Repeated disconnections may have a
negative impact on components’ lifetime as well as may
cause further disturbances on the grid [7]. Thus the lifetime
and reliability of the whole system can be improved if the
inverter is able to keep the unit connected as long as possible.
However, none of the commercial PV inverters tested in [7]
was able to do it.
This paper shows that the control strategies used in the PV
systems cause harmonic current injections on the grid and
dangerous overcurrents when voltage sags occur. Therefore,
trip protections are necessary to avoid the PV inverter
damage. This paper proposes a new control strategy to
overcome these drawbacks and to allow the inverter
operation under any unbalanced condition. The control is
made on stationary reference frame using ProportionalResonant (PR) current control that assures zero steady-state
error [8]. The dc link voltage is controlled by using the active
power delivered by the PV system. Instead of using a hard
saturation on reference currents, the control calculates
dynamically the maximum active power that the inverter can
deliver, using this value as limit to the reference power. The
current references are calculated based on the positivesequence voltage in such a way to result in balanced values
even in presence of unbalanced grid voltages. The positivesequence voltage and the grid frequency information is
obtained by a Phase-Locked Loop (PLL) based on a Dual
Second Order Generalized Integrator for Quadrature-Signals
Generation (DSOGI-QSG) [9]. The new strategy is evaluated
through simulations in PSCAD/EMTDC and the
experimental results prove its effectiveness.
II. PV SYSTEM CONTROL
Figure 1 shows a generic diagram of a single-stage PV
system. Basically, it is composed of a PV array, a Voltage
Source Inverter (VSI), a LC filter to connect the inverter to
the grid and the control system. The first control block is a
Maximum Power Point Tracking (MPPT) used to set the
point of PV array operation in such a way to maximize its
power generation [10]. The MPPT output is the dc voltage
reference used by the dc link voltage controller. The
controller of the dc link voltage can act on the direct current,
in the controllers based on synchronous reference frame
[4][11][12], or on the active power, in the controllers based
on stationary reference frame [13].
Generally the PV system control is designed considering
only the balanced and sinusoidal condition which results in
errors under fault situations.

196

Fig. 1 Diagram of the PV system

The errors can appear due to PLL synchronization system
and the oscillation on Proportional Integral (PI) controllers
references. However there are some ways to overcome these
problems, as enhanced PLL strategies, current controls in a
double synchronous reference frame or PR controllers.
On the other hand, the main drawback of these controls is
the overcurrent that occurs due to grid unbalanced voltage.
The dc link voltage control is generally designed to keep the
dc voltage equal to the reference in any condition. It means
that the active power is always constant and it results in
distorted currents when the voltage is unbalanced. Figure 2
shows an example with the PV system (using the classic
control strategy) when an asymmetrical fault occurs.
Information about the simulation conditions will be
described in the next section. In this example the overcurrent
is 51% and the currents are completely distorted during the
fault. Note that both dc voltage and active power are constant
at any time as mentioned before. An improvement can be
obtained if the dc voltage controller is designed to allow
oscillations on dc voltage. The overcurrent, in this case,
decreases to 22% and the currents become sinusoidal.
III. PROPOSED CONTROL
The instantaneous active power delivered by the inverter
is given by
p = v⋅i
(1)
where v = ( va , vb , vc ) is a voltage vector, i = ( ia , ib , ic ) is

a current vector and ⋅ represents the scalar product. For a
given voltage vector, there are infinite current vectors, which
are able to deliver exactly the same instantaneous active
power to the grid. The current vector that results in
sinusoidal currents is given by [14]:
P
(2)
i*p =
v+
2
+
v

where P is the average active power and v+ is the positivesequence voltage vector.
The current vector in (2) consists of a set of balanced
positive-sequence sinusoidal waveforms. Under unbalanced
operating conditions, the instantaneous active power that is
delivered to the grid will differ from P because of the
interaction between the injected positive-sequence current
and the negative-sequence grid voltage, i.e.,
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Fig. 2 Simulation results of the classic PV control strategy under a
phase-neutral fault. (a) grid voltages, (b) currents delivered by PV
system, (c) instantaneous active and reactive powers, (d) dc link
voltage.

p = v ⋅ i*p = v + ⋅ i*p + v − ⋅ i*p
N N
P

(3)

p

where p is the power oscillation at twice the fundamental
grid frequency. The instantaneous reactive power can be
calculated as

q = v × i*p = v + × i*p + v − × i*p


0

(4)

q

where q is also oscillating at twice the fundamental grid
frequency.
The dc voltage control has slow dynamic and the active
power reference will be considered constant in each grid+

voltage cycle. As the vector v has constant amplitude, the
reference current vector will have constant amplitude. This
amplitude is given by
2 P
Iˆ =
(5)
3 Vˆ+
where the symbol ^ denotes peak value. In (5), it is possible
to define the maximum power
3 ˆ ˆ+
(6)
PLIMIT = IV
2
that can be delivered to the grid keeping the current
amplitude, Iˆ (inverter limits). Note that the limit is a
function of positive sequence voltage and any fault that
results in a reduction of this value will decrease the average
power delivered by the inverter. The development is made in
a generic coordinate system and it can be used in any
reference frame.
A. Implementation of proposed control
The block diagram of the proposed control is shown in
Fig. 3. The first block is the dc link voltage control. The dc
voltage reference is generated by the MPPT algorithm, which
was omitted in this diagram.
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Fig. 3 Overall diagram of the proposed controller and its sub-blocks.

The square dc voltage error is used instead of the dc
voltage error in such a way to find a linear control loop. The
square dc voltage error is applied to a PI controller, resulting
in an active power reference. The PV power generation is
added to this reference to have the inverter total active power
reference. A notching filter tuned at twice fundamental
frequency is used to disregard the dc bus oscillation that
occurs under fault conditions. The saturation limit of the
power reference is not hard and must change in function of
the positive-sequence voltage, in (6), to keep the current
limit. After the saturation block the reference current is
calculated using (2).
To calculate the power limit and current references it is
necessary to get the grid positive-sequence voltage and its
angular frequency to perform the current control. This
information about the grid voltage and frequency can be
obtained by using the Frequency-Locked Loop (FLL)
proposed in [9]. It is a simple way to get the positive alphabeta components of the grid voltage and the system
frequency even if the grid voltages are unbalanced. This grid
synchronization system results from the application of the
instantaneous symmetrical components method on the
stationary alpha-beta reference frame. The SOGI is used to
generate in-quadrature signals in the alpha-beta frame.
The current control is made in the stationary reference
frame using a PR controller. The basic functionality of the
PR controller is to introduce an infinite gain at a selected
resonant frequency for eliminating steady-state error at that
frequency, and it is conceptually similar to an integrator
whose infinite dc gain forces the dc steady-state error to zero
[8]. The resonant part of the PR controller can be viewed as a
generalized integrator (GI). The transfer functions of the GI
and the complete PR controller are given by
2K S
(7)
G AC = 2 i 2 ,
S +ω
2K S
(8)
GPR = K p + 2 i 2 ,
S +ω
where Ki is the integral gain, Kp is the proportional gain and
ω is the resonant frequency. The output of the PR controller
is added to grid voltage, vαβ, that perform a feed-forward
control loop and then it is the reference to the PWM.
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Fig. 4 Model of the system used in simulation.

TABLE I
System parameters used in the simulation
Parameter
dc link capacitance
Inductance of the output filter, Lf
Capacitance of the output filter, Cf
Proportional gain of the dc link controller
Integral gain of the dc link controller
Proportional gain of the current controller, Kp
Integral gain of the current controller, Ki
Set point of the current limiter, Î

Value
500 μF
3 mH
0.375 μF
0.04
2
50
25
6.5 A

B. Simulation results
The performance of the proposed control has been tested
in simulations carried out in PSCAD/EMTDC, where a 3kW
PV system is connected to a 380V grid at the Point of
Common Coupling (PCC). The grid is modeled by a source
connected to the transformer T1 through two lines that are
represented by their equivalent impedances, ZL1 and ZL2. The
whole system is shown in Fig. 4. The system and control
parameters are shown in Table I.
In order to analyze the behavior of the proposed strategy
in a faulty scenario, a phase to ground fault is applied at
midpoint of the line 2, generating type B voltage sag at this
node [15]. The voltages at PCC are show in Fig. 5a. It was
assumed that the inverter is delivering rated power, with
rated current, when the fault occurs. The current limit was set
to the same value of rated current (6.5 A of peak). Therefore
it can be noted that the current peak value does not change
even under the fault as shown in Fig. 5b. Moreover, the
currents are sinusoidal and balanced. Figure 5c shows the
active and reactive power delivered by de PV system. During
the fault these powers are oscillating due to the interaction
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between the voltage negative-sequence and the current
positive-sequence. The average reactive power is zero as
desired, but the average active power is lower than the value
before the fault. It occurs because the voltage positivesequence decreases and the control have to decrease the
power to do not exceed the rated current. The output power
decreases, but the PV power tends to remain constant.
Therefore the dc bus voltage increases, as shown in Fig. 5d,
and consequently the PV power decreases due to the output
characteristic of the PV cell. The same simulation is repeated
assuming that the power generated by the PV array is lower
than the power in the first case. The results are shown in Fig.
6. The power delivered to the grid is constant and equal to
1.58 kW before the fault. It becomes oscillatory during the
fault but its average value is the same as before. In this case
the active power does not decrease because the inverter is
supplying this power without reaching the rated current.
Thus the current amplitude increases because of the
reduction in the voltage positive-sequence.

Fig. 5. Proposed control system when it is delivering nominal
current: (a) Grid voltages, (b) Currents delivered by the PV system,
(c) Instantaneous active and reactive powers, (d) dc link voltage.

IV. EXPERIMENTAL RESULTS
The control strategies have been implemented in an
experimental setup, similar to that shown in Fig. 4, with a
current-controlled VSI and a LC filter connected to the grid
through a Δy transformer. Moreover the grid consists of
another transformer with taps. The fault was generated by
switching the tap of the grid transformer, generating voltage
sag of 50% in phase c. This single-phase fault (dip type B) is
propagated to the y winding of the transformer as a dip type
C. The voltage at PCC was 70 V (rms) before the fault. The
PV array was represented by a dc-power source, which was
set to 300V, in order to evaluate only the current limiter
strategy.
A dSpace 1103 DSP card was used to implement the
current limiter controller, the FLL for detecting the voltage
positive-sequence and the algorithm to calculate the current
references in the synchronous reference frame. The sampling
frequency is set to 20 kHz and switching frequency is set to
10 kHz.
Figure 7a shows the voltage at PCC and the currents
injected by the inverter. The current scale is 1A/V. The
power delivered by the inverter was set to result in a peak of
5 A and the current limit, Iˆ , was set to the same value.
Therefore when the fault occurs the current is kept below the
limit value. The active and reactive powers are shown in Fig.
7b. Note that during the fault the active power is oscillating
and its average value is 730.6 W. Before the fault the average
value was 870.2 W. It occurs due to the voltage positivesequence during the fault be lower than the voltage before
the fault. Consequently to keep the current peak, the average
active power must be lower, as suggest in (6).
To evaluate the effectiveness of the strategy, the
experiment was repeated with the current limiter inactive
during the first 60 ms after the fault. When the dip occurs the
current peak increase around 16% because the current limiter
was inactive and return to 5 A as soon as it is enabled, as
shown in Fig. 8a. Figure 8b shows that the average active
power during the 60 ms after the dip is the same as before
resulting in overcurrents. The value of the currents is
proportional to the sag in the voltage positive-sequence. Thus
for most severe faults the overcurrents reach higher values
than that shown in Fig. 8b.
V. CONCLUSION
This paper proposes a control strategy for three-phase
photovoltaic systems connected to the electrical grid. The
proposed control allows the inverter operation in any fault
situation without overcurrents and delivering sinusoidal
currents. Its implementation is as simple as classic strategies
and it can be applied to other distributed generation systems
since the power of the primary source can be limited. The
effectiveness of the proposed control strategy is evaluated
through simulation in PSCAD and experimental results.
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(a)
(b)
Fig. 7. Experimental results of the proposed control system with a dip type C: (a) Grid voltages and currents, (b) Active and reactive powers
delivered to the grid.

(a)

(b)

Fig. 8. Experimental results of the control system with a dip type C and the control limit disabled in the first 60 ms after the fault: (a) Grid
voltages and currents, (b) Active and reactive powers delivered to the grid.
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